Pulsar
astronomy
in
y-rays:

Patrizia
Caraveo




(Gamma-Ray Pulsar Revolution

Patrizia A. Caraveo

Istituto di Astrofisica Spaziale (IASF) - Istituto Nazionale di Astrofisica (INAF), 20133 Milano,
Ttaly; email: par@iasf-milano.inaf.ic

Updated thanks to many colleagues and friends (David Smith)



Fermi LAT all-sky data

. >1 GeV. Pass 8, from August 4, 2008 through August 4, 2017.
LAT rocking angle <52° and zenith angle <100°. 6.25 Mphotons.

Point sources in the plane are mostly
Off the plane, mostly blazars (and some )



v-ray PULSAR CENSUS
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Not just an increase in number of sources
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Not just an increase in number

Diverse Family
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3 ways to discover gamma-ray pulsars

1. Phase-fold gammas using known rotation parameters.
Weight using spectrum&point-spread-function* =  0O(1) trials, highest sensitivity.
~1000 ephemerides provided by radio astronomers (x-rays too)  smith etal, Asa (2008)

2. Deep radio searches at positions of pulsar-like unid. gamma sources..
e.g. Cromartie et al ApJ (2016)

» Rotation ephemeris = phase-fold as above. 59+5 gamma MSPs so far.

LOFAR found fastest (707 Hz) field MSP in a Fermi source  sassaetal, aps Lett (2017)
Looking forward to Meerkat and SKA

3. Blind period search in gamma-rays at those same positions.
59 young PSRs e.g. Clark et al ApJ (2017), 5 MSPs.
~4 radio detections.
Einstein@Home searches very successful.

1st radio quiet MSP discovered! cireta,

Courtesy of David Smith - e A 20T



MSPs discovered in Fermi sources

PSC MSP Discoveries with Time
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MSP gold mine

Blue=GBT, Red=Parkes, Green=GMRT White=Eff Magenta=Nancay Orange=LAT
Black=Arecibo, Brown=LOFAR yellow=FAST
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The hunt for radio quiet pulsars
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Timeline of gamma-ray pulsar discoveries in blind searches with Fermi LAT

10 -

ATLAS Cluster
AEI Hannover

1
2009

I
2010

1
2011

1
2012

I
2013

2014

2015

2016

2007

2018



The CTA-1 supernova remnant .
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Nanni's commentary in Science
on the first post-launch
discovery paper: the pulsar in
CTA1

nly Galileo was quicker. After discov-

ering the satellites of Jupiter on 10

January 1610 in Padua, he wrote up
his results in elegant Latin, personally did the
artwork, allowed time for refereeing (by the
Inquisition) and for printing (by hand), and
had the Sidereus Nuncius hit the streets, or the
canals, of Venice on 10 March, The NASA-
led, international GLAST mission, now called
the Fermi Observatory, was launched on 11
June 2008, deployed flawlessly into orbit,
started taking in gamma rays from the sky and
routing them through an impressive data-
crunching machine, allowed time for a mini-
mum of thinking, and just 4 months later, its
first important result was reported online
[Abdo et al., see p. 1218 of this issue (7)].
Even Galileo would have been impressed, and
so should we: Here 1s a new way of doing sci-
ence, right on the eve of the International Year
of Astronomy.
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Geminga-like pulsars

0.5 d 0.5 1 J 0.5 0.5

J0007+7303 J0357+32 J0633+0632 J1418-6058

Abdo et al 2009 Science — S

1 d 0.5 1 15 2 0 0.5 1 15 2 0 0.5 1 15 2

J1459-60 J1732-31 J1741-2054 J1809-2332

0.5 . 0.5 1
J1836+5925 J1907+06

*The first one
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Gamma ray mllllsecond pulsars !

8 Millisecond pulsars

Abdo et al 2009 Science 325 848

5 are in binary orbits

Radio Flux

Similar lightcurves and
spectra as in the young
pulsars

These MSP suggest the
same emission
mechanism as the young
pulsars
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«2nd most
relevant
discovery
in 2009»

(Science)

14 August 2009 | $10

Fermi
Detecting Gamma-Ray Pulsars -

AYAAAS




Bruno Rossi Prize 2014




Now over 240 Fermi LAT pulsars.

Update of Fig 2 from 2PC = 2% Pulsar Catalog: ApJ Suppl. 208 17 (2013)
3PC in preparation for late 2018.

LAT radio-loud pulsar

LAT millisecond pulsar

e known pulsar, gamma phase folded but not gamma detected. 0 LAT radio-quiet pulsar

Courtesy of David Smith



¢ Radio selected LAT pulsar
m Gamma selected LAT pulsar
a LAT millisecond pulsar




Gamma-ray deathline near spin-down power Update of 2PC Fig 1.
E = 4In? P /P3 of ~3E33 erg/s. (1= 1E45 gm cm? depends on EoS.)
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e=gpe=radio pulsars

e=ge=radio-quiet pulsars

=—gemmsec pulsars

Also a radio pulsar can surprise you



The Crab that roared

August 2008 - April 2011 12-18 April 2011

Geminga

> 100 MeV
1° smoothed

Variable Nebular emission!




Gamma-ray emission sites
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The energy spectrum can be described by a power law with an (hyper)

exponential cutoff :
Speciral Index

(i) (D
#iM| ] [ Il
i il @ Cutoff Energy

B : cutoff index
= 1:Slot Gap and Outer Gap models (high altitude emission)
= 2 : Polar Cap model (low altitude emission)



J0835-4510
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Phase

Vela pulsar. Abdo, A. A. et al. 2009, ApJ, 696, 1084

Atypical 3 peak ("shoulder”) drifts with phase. Two main peaks are typical.

(here, 3 years of data.) _
By Thierry Reposeur, Bordeaux.
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How to use light-curves to constrain pulsar

geometrv and emission models
Q ‘ radio emission cone
> ﬁ/ <7
B . Qbs /

.0
2

AN
_

y-ray emission fan
beam

light cylinder

last open B-field line



P1
leading '

Gap regions: location and energetics

Polar Cap model (PC)
12 T Muslimov & Harding
- L 2003

leading

_trailing

Low altitude emission, PFF formation,
€ (accelerated by E) — Y (+B)—> et

e*" increase—E screened in a short
distance

11" .
leading . Ly X E A& Aé=1(B,P)



Gap regions: location and energetics

: — Slot gap model (SG)
‘ y \ ", /, Muslimov & Harding
} 2004

P1 " 2
leading '  leading

| // P2
e trailing

High altitude emission, PFF
formation,

€ (accelerated by E) — Y (+B)—> et

in slot gap regions—no screening
only the primary e are accelerated in

‘ the SG
i electron’s energy limited by curvature
leading -, radiation reaction

\ L, OC EAE AE=1(B,P)

L ]




Gap regions: location and energetics
Outer gap model (OG) Cheng et al.

P1 % 12 DY ¥/ One Pole Caustic (OPC) Watters et
leading ' leading I al. 2009
’ -l

Q

. //~ P2
: e trailing

sion from the outer
magnetosphere
empty OG gaps form—
Apci—strong E
e*" accelerated up to very high

L,.oc O woed Woe =1(B,Fa)

I

NN L orc OC Ewopcwos = (107°W
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Pulsar emission geometry: the phase plot

A pulsar phase-plot is a two-dimensional matrix, containing the pulsar emission at all rotational phases (light curve) for all the
possible values of the observer line of sight {, and obtained for the specific set of pulsar parameters: P,, B, gap width, and a.

Geometrical emission model from
Dyks et al. 2004

o 50 | 1- dipole magnetic field
2- photon tangent to B lines
3- effects due to the star rotation

C [DE

When the pulsar ages the spin period
increases
so the light cylinder radius increase

Ric=c/Q =c P/2TT

as a consequence, the magnetosphere
structure changes: the open magnetic
field line region becomes smaller

¢ [DEG]

PC, OG, and Radio emission beams
become smaller. SG case more
complicated

-150 -100 -50—0 50 100 150 -150 100 -50—0 50 100 150
PHASE PHASE
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LINE OF SIGHT

Pulsar emission geometry: from the phase plot

PHASE

LINE OF SIGHT
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The light-curve Atlas

The OG/SG models are generally better
but not adequate to fit all objects

PC can only account for a few pulsars

SG need a boost in efficiency to account
for the observed set of LAT detections.

NONE of the models is able to account
for the phenomenology of LAT pulsars

Some pulsars can be fitted by more than
one model, some by none.



The challenge of VHE emission
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Are there other y-ray emission models?
The striped wind model reizorzaanas

5

Equatorial magnetic field lines for the orthogonal rotator

Striped pulsar wind introduced from Coroniti
1990. The y-ray emission is generated outside
the pulsar light cylinder in the striped wind
region, where the magnetic field switches from
dipolar to toroidal.

—___ Striped win sheet, opened
toroidal magnetic field

—— Light cylinder (black circle)

Z

—

5 4 3 2 - 0 1 2 3 4

From Pétri 2012a X

I Dipolar magnetic field region,

closed dipolar magnetosphere

LV x (E /P )O'SSynchrotron, Pétri 2012b

Emission is due to the current flowing
in the toroidal striped wind sheets.



Lessons learned from a Revolution

FERMI is a remarkable pulsar hunter

INSs are indeed responsible for A LOT of
previously unidentified y-ray sources

MSPs are the winner in the y-ray pulsar race

Models are still... in progress



Is it worth continuing the search for more pulsars?



Fermi LAT still detecting ~25 gamma pulsars per year.

— Total
(| - MSPs | | | | : |
200}-| — Radio/X-ray selected ,,,,,,,,,,,,,,,,,,, .................. ................. ................. _

--- y—ray selected
PSC discoveries

Counts

2009 2010 2011 2012 2013 2014 2015 2016 2017 2018

Some recent reviews: Year
y-ray Pulsar Revolution, P. Caraveo, Annual Review of Astronomy and Astrophysics 52, 2014.
y-ray Pulsars: a Gold Mine, |. Grenier & A.K. Harding, Compte rendus Physique 16, 2015

The Soft y-ray Pulsar Population: a High-Energy Overview, L. Kuiper & W. Hermsen, MNRAS 449, 2015
y-ray Pulsars with Fermi, D.A. Smith et al., arXiv:1706.03592



v kpe

Another reason to care about faint y pulsars:
Dark Matter versus Pulsars

~10% more diffuse GeV emission
towards the Galactic center than
naively expected.

Spectrum as for neutralino annihilatior

igure 9. Observed luminosities for young PSRs (red data), MSPs (blue
ta) and the whole population of PSRs with d

(and pulsars). Abundant literature. ..

A key : Extrapolate log N-log S to estimate the

contribution of unresolved pulsars.

z projection |

° Fermi-LAT MSPs Earth
+ ATNF field MSPs . Bulge MSPs
ATNF GC MSPs . Disk MSPs
1 1 L
15 1l 6 0 3
kpe|
Calore F_etal. 2016. ApJ 8

10-31 <
:h:F\ arXiv:1705.00009
e e
SO __‘T*qb
.'_’-:‘_IU 33_E
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T 0 — N S
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1 4 Msp \\—
10-354——PSR N
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L [erg s

< 1.5 kpe (black data).

The best fit to the luminosity distribution for L > 3 x 103 erg s~ ! is
also reported (black line). The luminosity is integrated over the energy range
[0.3, g%] GeV.
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Figure 10. Flux histogram of 3FGL PSRs alone (red triangles) or added

to the flux distribution of unassociated 3FGL sources with curvature
signif Curve > 3 (black points). The

an band represents the region
between the lower limit (already detected PSRs) and upper limit (3FGL PSRs
plus unassociated 3FGL sources with detected spectral curvature). Finally the
black curve (gray band) represents the benchmark (band between the mini-

mum and maximum) number of disk PSRs. The flux is integrated over the
energy range [0.3, 500] GeV.



MSP Bonanza BONUS: Gravitational waves ?
HUNTING GRA\/ITATIO'NAL WAVES USING PULSARS

o

2 Telescopes on

o Earth measure tiny
ARk 2 differences in the
= — . - arrival times of the d ’ ,
S _ radio bursts caused ik\
B - {,,,)‘:;‘;‘ “. by the jostling: S =

1 Gravitational:waves from supermassive
black-hole mergers:in-distant galaxies-subtly
shift the position of Earth:

NEW MILLISECOND PULSARS

An all-skysmap'asiseenby.the Fermi
Gamma-ray Space Telescope inits firstiyear

3 Measuring the
effect on'an array of
pulsars enhances the
chance of detecting the
gravitational waves.
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